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The Human Experience in Microgravity (slide 1)

There is a fairly robust list of challenges humans face when they leave the 1 G environment of Earth and enter the microgravity environment in orbit or beyond. 

Bone Density Decrease and Cardiovascular Deconditioning

One of the major issues is the loss of bone density. The basic, very oversimplified equation is that you lose approximately 1 percent of your bone mass per month while in microgravity as we experience it in low Earth orbit. The interesting thing about that relationship is it does not achieve a steady state. It seems to continuously decrease, whereas when you compare it to cardiovascular deconditioning, there is a decline in cardiovascular performance that settles into a new adaptational steady state that you can manage. Unlike bone density, which seems to continue to decrease. There is a substantial concern over the impact of continual bone loss in the case of multi-year missions. 

Muscle Atrophy

Atrophy occurs probably for multiple reasons in microgravity. We normally consider the problem in terms of the load that gravity puts on us and the unloading that occurs in microgravity. In addition to that type of atrophy, there is probably disuse atrophy that takes place. When you move about in space, you use different muscles than you would be using on the ground, and there are other muscles you use on the ground that are not used at all in space. 

Vestibular Disturbances

The neurovestibular system is your balance system. It allows you to know what is up and what is down and who is facing whom and who is looking in which direction. The visual cues all come through a specific set of organelles or organs that relay them to the brain; you process this through six or so channels. In microgravity, some of those sensor systems that tell you where you are positionally are disrupted. For example, there is fluid in the semicircular canals, and gravity makes that fluid reside in a specific place. When you are in microgravity, that fluid does not reside in the same place, and so it signals the brain differently.

Orthostatic Intolerance

Sometimes when you jump out of bed in the morning or stand up quickly, you get really dizzy. You may even have to sit down again. This is orthostatic intolerance. When you go from a horizontal to a vertical position, the blood may not follow that positional move as fast as necessary with regard to delivery to the brain. When astronauts return to gravity environments from space, they often experience orthostatic intolerance.

Fluid Shifting

Fluid shifting occurs almost instantaneously upon insertion into orbit. That is a cephalad fluid shift. There is a substantial portion of the fluid of the body—interstitial and intervascular fluid—that moves toward the head and the thorax. There is a substantial change in the distribution of fluid, probably affecting a number of things, not the least of which are respiration and cardiovascular performance. And, perhaps, temporarily affecting intercranial pressure. Part of the syndrome called space sickness seems to be related to this fluid shift. 

Gastrointestinal Distress

While in space, gastrointestinal in-transit time goes up, at least temporarily. This can be distressing and cause problems for individuals. It also gets in the way nutritionally because it inhibits your desire to eat. 

Renal Stones

The risk for renal stones in space is directly related to the decrease in bone density. The fact that astronauts are demineralizing bone on a regular basis increases blood calcium levels substantially and that increases risk for stones in the kidney and renal pelvis. This is a serious concern. Passing stones is probably comparable to child birth: it’s one of the most severe pains you can experience. We certainly do not want to have this occur during a mission, so we have to consider ways to prevent them. Some of the experiments on the Space Station are directed at this, looking at treatments such as potassium citrate to see if they can blunt the formation of stones. 

Immune Dysfunction

Fifteen years ago, no one expected that space could have an effect on the immune system. Now we see indications of suppressed immune response.

Delayed Wound Healing

The evidence for this is somewhat anecdotal because we have not seen many injuries in space. But instances in which people have gotten cut indicate that they do not seem to heal. But as soon as they get back down on the ground, they resolve very quickly. There is some problem occurring at the cellular level that we need to address.

Exposure to Ionizing Radiation

Exposure to ionizing radiation is a big concern. Most of this type of radiation never reaches our planet in substantial quantities. So, we do not have much experience in understanding its impacts on living tissue. But in space, exposure levels will be much higher.

Psychosocial Impacts

Mostly we think about the physiological and biological sciences in the context of space exploration. But we also have to think about the environment astronauts are in. It is a confined setting with definite limits on the volume they operate in for extended periods of time. Isolation studies model this setting and study the interactive changes take place between individuals. Teamwork is essential to achieve these missions. It’s extremely important to understand what the psychosocial impacts are and how the interactions change with time and with the challenges that occur over the course of these missions. 

Why Cell Space Biology? (slide 3)

We have achieved an enormous amount over the past 40 years in biomedicine. A large part of this is attributable to the fact we understand various processes in the body at the cellular level. And our understanding at the cellular level has set a platform for the development of not only understanding the disease process but actually proposing logical and rational ways to address that disease, either pharmacologically to cure it or to treat it, or alternatively surgically, or whatever’s required to take care of the problem. Nonetheless, it is an integral part of our understanding of the medical condition of humans. And it’s one of the main reasons we have the quality of health care and the quality of understanding of ourselves that we do today. Space is no different. The syndromes we see in space have, to a certain extent, a cellular basis. It’s imperative that we begin to understand what those changes are that take place when cells experience a loss of the gravitational force.

We need to observe the cellular response to variations in gravity, not just in microgravity. We need to be able to study this incrementally. Whether we’re talking about the response of a cellular population or even a human population to a given drug, if you do a dose-response study, you begin to understand what mechanisms are involved in how the drug is assimilated and processed, and how you get the desired effect. 

When you look at gravity, it’s not going to be any different. We are not going to learn nearly as much from looking at two data points as we would from looking at fractional G levels—at one-tenth, two-tenths, three-tenths—and logically work our way to microgravity. We’ll look at this and hopefully understand some of these basic cellular mechanisms, and get a better idea how terrestrial life begins to manage low-gravity environments. 

Biotechnology/Space Biotechnology (slide 4)

The biotechnology part of this is where we use living systems or derivatives of living systems to make something or to perform a specific service. Biotech is the oldest of documented (written) sciences. The first translatable cuneiform writings were recipes for a fermented brew. A living system was used to make a product. So the whole liquor industry is, in a sense, a biotech industry that produces a product. The sewage disposal plant is a service that is biotechnologically provided because you use microorganisms to remove a number of organics from the water to make the water palatable once again, or at least amenable to reprocessing.

In space biotech, we use microgravity environments or technologies in those environments to see if we can achieve novel strategies in biotech.

Space Biotechnological Strategies (slide 5)

These are areas in which research has already been conducted in space. 

Diffusion-Limited Crystallization 

As molecules organize into a crystal from a solution—as the crystal forms—energy is released. That heat produces a convective force because hot fluid rises to the top and colder fluid falls to the bottom. So you end up with convective stirring. When you go to microgravity, you  do not get convection. The cold fluid does not fall to the bottom; there is no bottom to fall to. Under these conditions, theoretically, crystals will form much better, and more slowly. In fact, molecules can no longer be fed to the crystals by the flow. They are fed strictly by their diffusion through the fluid, and the rate at which they diffuse is far slower. It’s a slower constructive process that can be used to produce all kinds of larger and more uniform crystals. Protein crystals are an important application area. When you look at crystallized proteins in an x-ray field, using x-ray defraction, you can use that data to get the fine structure allowing you to better understand its chemical interactivity. The better the crystal, the higher the resolution. In space, crystals usually increase in resolution anywhere from about a half to a full angstrom. This does not sound like much, but when you are inside a molecule, it’s as good as interplanetary. That is a huge change in the resolution.

Electrophoresis

Electrophoresis is a process for separating out proteins in an electric field based on their charge. There are many different kinds of electrophoresis. All of these carry with them a potential corrupting risk that involves convective forces—convection being created by the accumulation of heat in certain areas. In space, without the convection, you would get better resolution. This process is still somewhat in its infancy as far as the space project is concerned.

Cell Culture

Cell culture is relatively new also. What we see here is a minimization of the cell interaction with inert surfaces. Here on the ground cells sediment to a surface, and they interact with it. In space, they do not. That’s an advantage. Another advantage is there is no surface to confine the direction in which the cells will grow. This allows for three-dimensional growth.

There’s a very interesting response suite that we see when we look physiologically, metabolically, molecularly, and genetically at what occurs under microgravity conditions.

Interactions in Nature 1 (slide 6)

When we start to think about gravity as an imposing force, particularly at the cellular level, we have to look at electromagnetic interactions. There are the intermolecular, or submolecular, forces that are either very strong or very weak (the strong are called covalent and the weak noncovalent, like, for example, hydrogen bonding, which is dipole-dipole). Even though we think of these as weak interactions, depending on the number and the proximity of the objects that are joined by those forces, they can be incredibly strong—stronger than gravity.

How can gravity be the weakest? A person can oppose gravity fairly easily. Try throwing a pencil in the air. Once the force you use is overcome by gravity, the object falls back. But if you take a piece of paper, and you tear it, how many covalent bonds did you break? None. It takes a very high energy to break a covalent bond. That is the whole idea behind certain enzymes and certain cracking processes that we do in chemistry. 

When we say gravity is the weakest force, it is, but gravity has a huge sphere of influence, because you cannot get two objects together by hydrogen bonding at a distance of 3 feet. You might at a couple of angstroms get them to come together and stay together very tightly. But gravity acts over miles, millions of miles in some instances. So it has a huge sphere of influence, but its actual strength is far less. 

Interactions in Nature 2 (slide 7)

We try to understand gravity by using analog conditions. We can simulate conditions in microgravity, but we cannot simulate microgravity itself. In certain areas, like crystallization, we can do that with computer modeling. There are good computational models, and all the equations in those models have gravity as a variable. And so you can just decrease the value of G. You can then begin to formulate hypotheses based on what the models show. That is a very logical way to do it. You will not find an equation with G in it in cell biology books. We are hoping to put a few in over the next couple of years, but right now you won’t see any. That is where we are substantially different from the physical sciences; we do not have that particular advantage.

What we can do is change the weight loading. We can use hypergravity and we can use free-fall strategies. These include drop towers, parabolic flights, and bioreactors. The only other way to do it is to actually go to space. So we do not have a lot of options; there are only a few ways in which we can alter weight loading. In any event, we can use analogs to observe phenomena and make measurements. 

Definitions (slide 8)

Gravity, obviously, is the force that attracts objects toward the center of the Earth or other large bodies. Earth gravity is 9.8 m/sec2, often referred to as 1 G. Hypogravity, or fractional gravity, is something less than that. We like to think of microgravity as being approximately a millionth. We try to avoid using the term 0 G because you have only very specific places in the universe where you can achieve 0 G. These are places that are exactly center between two objects of the same mass in space, where the attractive force would be nullified entirely. It would be the closest to 0 G that you could get.

Free fall is allowing objects to reach terminal velocity. Drop towers are used to achieve free fall for brief periods. These towers are actually very sophisticated equipment used to not only drop objects but reclaim them so that analysis can be conducted.

Parabolic flights, sometimes referred to as the vomit comet, are used to achieve longer periods of free fall. Sounding rockets employ suborbital rocketry. You send things up and let them fall for a while and then parachute them in. 

Antiorthostatic suspension, also known as hind limb suspension, is used with rodents. The animal is suspended by its tail, allowing it to walk around on its front legs and eat, drink, and do everything else that it normally does, except that the hind limbs are unloaded. It gives a cephalad fluid shift—fluid goes toward the head like it does in space— and it unloads certain muscles. It gives you a model you can systematically study; it’s a good analog. In humans they do this with bedrest. They keep people supine for up to 90 and 100 days. From these studies, you would be amazed how many parallels we can draw between human physiological characteristics and what goes on in space.

At NASA, we often talk about hardware; this means scientific equipment. The cell bioreactor is a system that allows us to work with cells and put them in a microgravity analog state. Countermeasures is a term that is used for any type of action that is taken to ameliorate the effects of space flight. It’s not a word you hear very often in medicine, but in space biology and medicine it’s very common.

The Basic Quest in Space Cell Biology (slide 9)

The real challenge of space cell biology is to try to understand this graph. On the bottom of the graph is a log scale of gravity, where 100 is actually 1 G and 1 G right at that interface. To the left are decrements that go all the way to micro G. To the right is hyper G. There has been a lot of research in hyper G. Some of it goes back very far. 

We have a substantial experience in 1 G or 100. So we know a lot across the range of biological responses. Trying to understand those responses in the context of G is our challenge. We have a number of experiences at 10-6. We have got this data point here at 10-6 and this set of points from 100 to 101. Now what does the graph in between look like? We have no idea. Is it a sigmoid relationship? Is it a power curve? Is it exponential? We do not know. And why do we want to know those things? Knowing them allows us to look at specific scientific questions and understand, for instance, the adaptive responses of cells to microgravity in the space environment. 

Scientific Questions to Address (slide 10)

Look at the genotypic as well as phenotypic changes that are induced by microgravity, space, and even planetary environments as we move outward in the solar system. This can all be done at the cellular level, probably remotely in many instances. Does the space environment invoke a selective pressure on replicating cells? We are always concerned about selective pressures. We are concerned not only in the context of cancer but in the context of infection. It has nothing to do with the space program. You will be given a Staph infection. You have no choice about that. But you can choose the source. You can choose to get it from the dumpster behind Colonel Sanders, or, alternatively, from the hospital. Which would you rather have? The answer is, you want the one from the dumpster, because the hospital is a highly selective environment. Most of the organisms that are there exist because they have come from patients who have been treated with very large doses of antibiotics. They come from an environment where there is constant antisepsis, one in which everything is washed and treated with antiseptics. Whatever survives that environment has been selected to be really robust. And so you never want to have to encounter those types of organisms.

Likewise, when we think of a one-thousand day Mars mission, we ask, does microgravity itself invoke a selective pressure? The cells of your gastrointestinal epithelium from top to bottom are going to replace themselves about a thousand times, because you turn over your epithelium there about once a day. So, what is the fidelity of the replication? What kind of cells are going to prevail? Will dysfunctional cells be selected? Will there be malabsorption 15 months into this odyssey? We need to understand those fundamental processes as they relate to the potential for selective pressure.

This is where that graph we just looked at comes in. How much G do you need to maintain normal function? Let us look at bone cells. Not just bone but bone cells. We do not know what that relationship is. It would be nice if we could say this is the gravity threshold you need—1/1,000 G or .5 G. Keep that level and we know that function remains normal in the individual. These are critically important experiments to be done at the cellular level. They will give us a basis for how we are going to do certain things at the organ level, at the physiological level, or at the level of human beings themselves. 

Areas of Impact for Space Exploration/Areas of Impact for Applied Sciences (slide 11)

These are the major areas we expect to impact through cell biology and biotechnology in space.

Potential Impact of Microgravity on Cells (slide 12)

These are the kinds of changes we see in cells at microgravity. There are profound shape changes that take place in cells not bound by a cell wall. In other words, mammalian cells or protozoans with cell membranes will undergo very measurable shape changes. In bacteria or plant cells, changes are not going to occur because they have a cell wall. 

We see changes in the ability for transmembrane signaling. We see some changes in cell division. The most exciting area right now is gene expression. When we look at gene expression under microgravity conditions, we see some novel genes activated that we probably have not had to deal with before. We are very interested in DNA damage as it relates to radiation, as it relates to the repair mechanisms. When we say something is resistant to radiation, it’s resistant largely for one reason: the cell can repair the damage quickly. DNA is DNA is DNA, and you are shooting it with a gun. The real difference is in how fast a cell can fix it. Some cells have enormously efficient, incredibly fast repair mechanisms. There is a bacterium called radiodurans that is more than a thousand times more resistant to radiation than human cells. It has basically the same components in its DNA, but it’s repair mechanism makes the difference.

In the orientation of subcellular components, we are looking at components that are connected to, say, the cytoskeleton and the various suspending apparatuses. Microgravity alters the forces that are acting on those suspending apparatuses.

One of the mechanisms of programmed cell death, apoptosis, is a very important function. We think of it in the context of cancer. A lot of potentially pre-neoplastic cells die because the homeostatic mechanism will induce them to go through apoptosis. More important, the cells in your immune system as they are processed through the thymus, have the ability to react or interact with a number of different substances on the outside. You make this warehouse of cells that can interact with a vast number of chemical groupings—between 10 million and 100 million. With that many, a number of those chemical groupings are shared with your own native components in your body. That is the basis of the potential for autoimmune disease. What happens as they process through the thymus, autoreactive T lymphocytes are selected out and induced to apoptose, or go through programmed cell death. If microgravity interferes with programmed cell death, then we look at the increased long term potential for autoimmune events.

We have a number of different kinds of cells that locomote. Cells of the immune system walk all over the place: they walk through tissue; they crawl through blood vessels. We find that there are definite impediments to locomotor reactivity when the gravitational vector is diminished in intensity.

In the synthesis and orientation of macromolecules, on the cell surface, proteins of certain types are changed substantially in space. The ability of the cell to repair itself. Cytokines are involved in the regulation of cell division, wound healing, and so on. We have already seen in isolated settings, under analog conditions, a strong likelihood that these cytokinetic substances are not produced in the amounts necessary to achieve a biologic response.

History of Space Cell Biology (slide 13)

The history of space cell biology is short. But, interestingly, all the way back to the early 1800s there were investigators working with plants and oocytes to determine whether G was related to their propagation. 

In the sixties, early satellites flew a lot of bacterial and plant and animal cells. The difficulty with these experiments was that the controls were not constructed in a way that you could derive an answer from the data. But the experience was good because doing an experiment in space is very different versus doing it on the ground. An example: a simple thing to do is pour water from a bottle into a glass. But how do we get water from a bottle into a glass if we are in microgravity? This function is totally gravity dependent. The way you do experiments in space changes entirely. Simply learning how to do them is a part of what was accomplished in the early, early experiments.

Skylab was a grand opportunity. If you ever get a chance to read the two books that summarize the Skylab experiments, you will see that what they were able to do 30 years ago was amazing. 

From Skylab to 1995, the cell-based research that was done in microgravity was really a diverse collection of cells. It did not really take an organized, program-oriented approach. 

Since 1995, the agency has two major cell biological groups working. One is at Johnson Space Center in Houston, Texas, and the other is at Ames Research Center in Mountain View, California. They support a huge network of over a hundred independent investigators and universities throughout the United States. 

Changes in Cell Function Under Microgravity Conditions (slide 14)

Space cell biology is now focused on genetic-based research—that wave is already in motion. Right behind that wave is a huge wave of proteomics that addresses the real questions: having identified a gene and knowing that it is turned on and has produce a protein, is this a modified state or is it normal? And the answer is that, in many cases, in mircrogravity they are different vs. 1 G. 

The kinds of things that we  have seen from our experience so far: 

WI 38 human cells show altered functions. In human lymphocytes, a ninety percent reduction in activation is a very severely diminished response. Looking at E. coli, we see the transfer of DNA was increased. Resistance to antibiotics showed an increase. It’s an interesting thing, because other organisms living from 10 to 15 generations in an analog microgravity environment also increase in their virulence, their ability to cause infection. 

Mechanism of Gravity-Induced Cellular Changes (slide 15)

There are a lot of theories about how gravity affects cells. Early theories postulate that there are sensors inside the cell, that there is actually a gravity sensor. Most experts do not believe this is how it works. We can pretty much dismiss it based on the observations we have had so far. There are other early theories that are worth having on paper, but we do not need to address them.

Emerging theory postulates that when you take gravity out of the compendium of forces impacting the cell—despite the fact it may be weaker than most of those—the loss of gravity allows a reordering of forces, and now there is a new order, or priority, of those forces. This may, indeed, lead to what takes place in the cell.

Physical effect is the singular initiator of the cascade of changes. For instance, a physical effect like the change in the shape of the cell. Virtually all other cellular responses that occur are due to shape change, not directly due to microgravity.

Cells also respond to changes in cell culture conditions caused by microgravity. These include loss of convection, decreased mass transfer, and changes in boundary conditions.

1 G Cell Culture/Microgravity Cell Culture (slides 16/17)

The diagram shows a three-tank Petri dish. When we look at the left-hand panel, we see that when the cells are first put in, they are suspended in the fluid. As time goes on, they sediment out and begin to attach to the surface. This is what happens in a 1 G environment. 

What we see in microgravity is a continuous suspension. In about a half-hour, you begin to see cells coming together. Four or five days later these cells are now undergoing true morphogenesis. They are becoming a piece of tissue rather than a couple of cells hung together. This is the big difference we see in microgravity.

There is also a difference between suspension cells versus anchorage-dependent cells. Those cells that are not anchorage dependent are less likely to aggregate to form these assemblies in microgravity. But, in many instances, anchorage-dependent cells will form these associations.

Microgravity Analogs: Parabolic Flight (slide 18)

We need to conduct microgravity experiments under analog conditions because there are not enough space flight opportunities to get the science done. We need a way to do more than one experiment every 18 to 24 months. Parabolic flights on aircraft take experiments up to about 45,000 feet and then dive. It drops for about 22 seconds, and you get analog microgravity conditions for those 22 seconds. Therefore, you can have your experiment done if it can be answered in 22 seconds. Then the aircraft pulls up and you get hyper G, and you need to lock down what your answer is for that before you go into the hyper G phase. A mission can do this 20 times out over the Gulf of Mexico, take a few minutes’ rest, and then do it 20 more times coming back. Assuming your stomach can take it and the experiment will work in that short time period, this is a good alternative. But you have to be aware of how the data can be confounded by the hyper G phases.

Microgravity Analogs: Sub-Orbital Rockets (slide 19)

A sub-orbital rocket carries a payload up to a certain height and releases the experiment, which falls for a specified period of time—anywhere from 4 to 12 minutes of analog micro G—and is recovered on the ground. The cost is not as much as flying on the Shuttle but requires a substantial investment in equipment. Nonetheless, you can do some experiments this way. You certainly can test equipment and procedures.

Microgravity Analogs: Drop Towers (slide 20)

The great part about drop towers is that they are very cheap to use. You can do a bunch of experiments. For instance, the group at Glenn Research Center is considering a proposal to use its drop tower to study shape changes. They have drop-tower equipment with cameras. The hope is to observe cells directly in transit as they go down. This could be very important to us when we are looking at force change to determine how the cell forms and deforms vis-à-vis gravity.

Suspension Strategies: Stirred Bioreactor (slide 21)

You can simply suspend cells and keep them from sticking by stirring them. The only problem with that is when you stir cells you induce substantial mechanical shear. This is a condition that very few of the cells in the human body really like. There are some that will tolerate it, but in the main, it does not work very well. The advantage of this method is that the stirring provides very good mass transfer. It’s a homogeneous system, so it’s nice to work with. But the disadvantages make it difficult.

Suspension Strategies: Isopycnic Solution (slide 22)

In the suspension strategy involving isopycnic solution, the solution has the same density as the cell. The cells won’t sediment in it but rather hang in the solution. The problem with this is that the cells are still at rest in a gravitational field. The mass transfer is very poor. And obviously the interactions among the cells, which we saw before under the microgravity conditions, are not well analoged. The only advantage here is that they do not sediment.

Suspension Strategies: Fluidized Bed (slide 23)

There is another strategy called a fluidized bed. This is essentially a tube in which fluid is flowing upward. The flow rate is equivalent to the sedimentation velocity of the cells. The problem is that there is a tremendous amount of hydrodynamic shear caused by water passing over the cells. Keep in mind that we are trying to understand the effect of a physical force on cells: gravity. The additional physical forces we add on top of this confound our ability to make an analysis. So when we look at a system like this, we ask, What was induced by shear? What was induced by the fact that it was not permitted to be at rest against a surface? The other thing is that these are incredibly unstable. It’s very hard to keep them in a state where you have confidence that you can analyze the cells.

Prevention of Cell Attachment (slide 24)

This is similar to a previous graphic, the only difference is that on the lower right-hand side there is a layer of material at the bottom of the well. You can use polyhema and other substances to keep cells from adhering to the container surface. But once again, the cells are still at rest and not free of the gravitational field. 

Disadvantages/Advantages (slide 25)

The one thing it’s good for: it will tell you what properties are adhesion dependent because you are denying adherence, with everything else remaining relatively constant. So, you can see each one of these strategies has some problems but also some very specific advantages.

Analog Cultures: Clinostatic Rotation (slide 26)

There is another method called clinostatic rotation. It involves changing the orientation of the cell to the gravity vector on a regular basis. If the slide is rotated, you can see that in one plane the cell is never oriented to gravity in the same way. If you summed up the vectorial force as it goes through the cell in the various positions, it achieves a theoretical zero in one plane. Therefore, clinostatic rotation gives you a randomized G. Obviously the cells are adherent to a surface under these conditions. We are not looking at interaction; we are looking strictly at orientation to gravity. 

There are also three-axis clinostats. It’s almost like being in microgravity from the standpoint that everything is diffusion limited. It’s very hard to get nutrients to the cells using this method.

Analog Culture: Solid Body Fluid Rotation (slide 27)

This is a different type of clinostatic rotation called solid body rotation. A cylinder has within it a second cylinder made of silicon. The outer one is made of clear plastic. The annular space in between them is completely filled with culture medium. When you rotate this apparatus, it does some very interesting things. The fluid moves with the cylinder. It does not remain stationary. In doing so, the cells become suspended. They become suspended without stirring them because the cells are only a little more dense than the fluid they are in. The cells now remain suspended indefinitely, as long as the cylinder is rotating. It’s a derivative of the clinostatic rotation in that the orientation of the cell to the gravity vector is constantly changing.

NASA Rotating Bioreactor (slide 28)

This rotating cylinder is what real solid body fluid rotation looks like. The white device at the top is a filter that allows air to come in and enter through a silicon membrane on the inside. That is how the cells breathe. In the fluid space, the cells are living: they are inspiring oxygen, they induce a partial pressure difference upon the silicon membrane, and oxygen comes in. Likewise, they are producing carbon dioxide, and that carbon dioxide by partial pressure difference goes out. So the cylinder acts as a surrogate lung. 

Microgravity Cell Culture Analog (slide 29)

In looking at the individual cells, under these conditions they undergo randomized G. They fall continuously through the fluid. The cells are at terminal velocity, and they reach this in a matter of a few moments. We get two advantages here: we get randomization in orientation to G, and we get the terminal velocity component also taking place. There is a downside. Obviously, if cells are falling through the fluid at terminal velocity, there is some shear, but the shear is only 0.3 dines/cm2, which is very small. 

Advantages/Disadvantages (slide 30)

There are a lot of advantages to this approach. We get suspension with a minimum of shear. There is almost no hydrodynamic shear but very low mechanical shear because very few impacts occur. It promotes the tissue morphogenesis that we like to see. And we get very good mass transfer because the cell is not in the same place in the fluid all the time. It’s changing; it’s going to a different place as it falls. These conditions seem to share a number of characteristics with space.

But it’s difficult to establish a control under these conditions so that you can understand it in the context of gravity.

Results from Solid Body Rotation Culture (slide 31)

As we have seen you get 3-D propagation of tissue. You get co-cultures to last 70 to 100 days. So it gives us not only analog space models to study but a leg up on some tissue morphogenesis. 

In both 3-D culture and in space, we see differentiation occur. We do not know why this happens, but cells have a tendency to lean toward differentiation under these conditions. And it models some cell function that we have seen in microgravity.

There are cells that could not be grown before that now can be propagated. No whale tissue was in continuous culture anywhere. We now have a series of different types of tissues from bowhead whale that are in continuous culture because a cell like that can be propagated under these conditions. When cells do things under new conditions and induce genetic changes to undergo adaptation, there is always the prospect for novel biomolecules to result.

Cellular Responses to Microgravity (slide 32)

When we look at the cellular response in real microgravity, we have a number of concerns. Look to the left at 1 G and you see our typified cell with its nucleus and its genetic material. There is a transmembrane receptor, and there is the ligand for that receptor. When we look at this model in space, we see shape change: the cell minimizing its surface area. It becomes quite spherical. We do not understand why that happens exactly, but it occurs within seconds to minutes of exposure to microgravity.  We also see changes in gene expression, signal transduction, locomotion, and differentiation. 

Propagation of “Difficult” Cells (slide 33)

Some very difficult cells can be propagated in analog conditions. What we mean by difficult is cells we have not been able to grow easily in the laboratory. One is primary breast cancer specimens. You can take biopsied specimens to the lab, dissociate them and initiate propagation procedures, and only about 15 percent of the carcinomatis tissue will propagate its carcinomatis component. Most of the time they propagate the connective tissue, or fibroblasts. 

In this case, we use the bowhead whale because it has some unique physiological properties. The first and most interesting to us is the fact that it’s about 300 to 1,000 times more resistant to heavy metal poisoning than any other mammal on the planet. We do not quite understand how it achieves that. We do know that the cellular interaction with heavy metals is largely mediated by a protein called metalothionine. We are interested in seeing how this works in various tissues. In this case the kidney, but also in the liver and brain. 

In the upper right-hand panel, you see these large, round bodies. They are not cells in that large dimension. That large dimension is created by microcarrier beads. They are small, nonmetabolizable beads that are coated with type-one collagen, and allow the cells to begin to assimilate on them. This is a morphology seen nowhere else is cell biology. 

We feel we are seeing for the first time a property of the kidney tissue that is critical to this animal’s life. And it’s probably this way because there is a minimum surface area that needs to be met with regard to the kidney tissue. The kidney of the bowhead whale is the size of a filing cabinet. That is one kidney. The whale has two. The tissue is the way it is because this animal processes about 100,000 gallon of water a day. So this is a unique tissue adaptation that we can see, because we can initiate a morphogenic event under a condition where the cells no longer sediment and attach to a surface.

Propagation of Protozoans (slide 34)

Infectious disease may have behaved differently under these conditions. A group at the NIH is very interested in a number of different infectious diseases. Lyme disease is one. Another one is cyclospora. Heretofore, this organism has never been propagated. There was no laboratory condition under which it would actually grow. But if we take a host cell from the small bowel and propagate it in a rotational paradigm, it becomes the perfect host for these organisms. It will go through its entire lifecycle and produce oocytes. This is a foundation on which we can begin to hypothesize how to make vaccines. 

We have spent a lot of time talking about mammalian cells and membrane-bound cells that have no rigidity, that are totally compliant to a number of conditions as far as physical force is concerned. But when we begin to look at plants and bacteria, these cells have cell walls that are structurally very strong. When we change the conditions regarding physical force, there are two things we consider in terms of bacteria. One, obviously, is that we are dealing with a rigid cell wall; therefore, we do not know what we will see. Two, when we talk about mass, we are talking about something that is much smaller than a mammalian cell. We are looking in the micron range. For instance, one of the thinnest microorganisms we look at through the standard light microscope is tuberculosis, which is about 0.2 microns. If we did not have the acid-fast staining procedure, we would not be able to see them under native-specimen conditions. These are very small mass objects.

Physical Principles in Space Biology (slide 35)

So, what happens to bacteria in microgravity? We don’t know. We do not even have good theories. They may respond the way they do simply because of the change in pressure differential across the cell-wall membrane. Unlike mammalian cells, bacteria are probably more like an old-fashioned football. There used to be real laces. You unlace it and open it up, and inside was a bladder. The rigidity and the dimensions of the ball are held in place by the outer pigskin cover—the outer wall, which is noncompliant. 

Under these conditions, we do see changes in gene expression and in secondary metabolism. These changes in secondary metabolism may signify some very interesting prospects. Most bacteria do not live in pure culture in the environment. They live largely in very dynamic populations. The sewage-disposal plant is an example. That is a dynamic population. The real question is, how does the quorum-sensing mechanisms, the cell, maintain the part of the world it’s living in. A lot of that has to do with substances that are produced in their secondary metabolism. Take a mixed population in 1 G. Is that going to be the same population after 500 generations in micro G? We don’t know. A bioregenerative processing system that works on the ground might not be able to function in the same capacity in microgravity solely due to the change that occurs in secondary metabolism. Microogranisms that synthesize antibiotics synthesize a lot of their antibiotic during that secondary metabolic phase, and so, again, we look at this and say is there a chance that the productive phase for antibiotics would be better under conditions where they are gravitationally unloaded. 

The scary thing here is that the ability to cause infection may change. Indications of that have come from model systems using the rotating cylinder. In a salmonella model in mice, virulence goes up orders of magnitude after it is propagated for about 50 generations under gravitationally unloaded conditions. We do not know for sure whether that happens in microgravity, but it suggests that resistance to certain drugs might go up substantially. 

Using Microbes 1 (slide 36)

When microbes are stressed, they go into a sporulated state. They form an inactive state called a spore. Those spores can be quite resistant to a number of things. Take anthrax spores, for example. So what is the sporulation rate under microgravity conditions? Nobody knows. Are microbes able to locomote in the same way? They propel themselves in very interesting ways. There are a number of different locomotary paradigms for microbial systems. Some are just clusters. Some are polar, some are bipolar. There are a lot of different configurations. At the mammalian cell level, it’s clear that locomotary activity is somewhat impacted in space. In mammalian cells, the synthesis of the material that makes up the cell wall occurs differently in microgravity than it does in 1 G. We suspect the same to be true for bacteria. 

We are always concerned about the mutational rate. The generic rate for mutations in bacteria is 10-5. Productive mutations that can sustain and become part of a new variant population are even more fractional than that. We do not know the rate in space. We do not know if it changes, if microgravity contributes, or whether it’s all due to radiation. 

There are a wealth of opportunities for research using microbial populations. And the beautiful thing is that these populations produce a generation about every 20 minutes or half an hour. Therefore, you get 50 generations a day. When we are looking at human beings, we get a generation about every 25 years. Here is a system where we are looking at terrestrial-based life well-characterized, and we can look into the thousands of generations. A hundred days on Space Station, and we are looking at 5,000 generations of life, with a microbial system. 

Using Microbes 2 (slide 37)

This gives us tremendous advantages for looking at things like replication defects—variants that give you a different size, shape, or characteristic in a cell. A lot of pathogenic microorganisms rely on the secreted capsular material for their virulence. We do not have a good assessment or understanding as to how that changes or if it changes at all. Looking at antigen expression, if this is the normal antigen that is recognized in humans, for a particular microbe, do we see cases where there are modified antigenic expressions—new ones expressed that we have never seen before? 

We face a similar problem in neoplastic disease right here on the planet. We want to know what antigens are native to a cancer, native to the tissue it comes from. What are bona fide neoantigens that appear nowhere else but on that neoplastic cell? What kind of selective pressure is added by virtue of these replicating populations being in microgravity for a long time? Do you end up with stable variance? Some of which may be useful, some pretty horrendous. Or dysfunctional variance, in which they do not perform like you need them to. 

Microbes in Space (slide 38)

We have to consider the increased secondary metabolism; the increased secretion that goes on; the changes in virulence; and the amount of biofilm formation, which is essential for certain biosystems and biomes: How much of just the laying down of the film itself is gravity-dependent? What types of films are we going to get in water-air interface in long-term microgravity on electrical components, electronic devices, etc? Moisture is a factor in closed systems with people breathing. Reclamation systems are only so efficient. Also, microbes degrade hydrocarbons. The Air Force was the first to identify this. Fairly ordinary household organisms are found in the water, fuel, or hydrocarbon interfaces in jets. This can cause serious performance problems. There are organisms that can completely rebuild themselves using a hydrocarbon backbone—octane—and nothing else, no sugars, no other carbon sources whatsoever.

Significance (slide 39)

There is little doubt that cells respond to decreased gravity environments. But we do not know whether they respond to decreased gravity itself. The mechanisms of these responses are largely unknown. Nevertheless, microgravity affords a unique probe into these underlying mechanisms. Besides the strategic value of exploring space, our understanding of basic mechanisms is going to be substantially emboldened by the fact that we are using this new physical environment to observe terrestrial life as it adapts to it. We can also observe the underlying mechanisms that either select out and eliminate some of that life or show us the new adaptation paradigms that life uses.

Physical Factors to Consider in Experimental Design (slide 40)

Gravity is the big thing. Also, mechanical impacts, the hydrodynamic shear, and the kinds of convective forces that can be participating or not participating. Remember, density-driven convection is gone under microgravity, but is all convection gone? No. There is surface-tension-driven convection. Surface-tension-driven convection is really fractional compared to what density-driven convection can do. And there is vibration, radiation, and barometric pressure.

